To understand brain circuits it is necessary both to record and manipulate their activity.
Introduction
In neuroscience, to understand brain circuits a two-pronged approach, entailing both recording and manipulating brain activity, is essential. In recent years, there has been extensive progress in this field, which was in part made possible by the availability of new technologies [1] [2] [3] . While techniques for transiently manipulating activity in rodents, such as microstimulation, optogenetics, and chemogenetics 4, 5 , are increasingly accessible and applied, techniques for manipulating activity in the primate brain are less widely available and remain accessible to comparatively few researchers in a limited number of research centers worldwide [5] [6] [7] . A prominent limitation for many brain stimulation tools for research and therapeutic interventions is the duration of the induced neuromodulatory effects, often not outlasting the stimulation by more than a few seconds or minutes.
Here we report on a particular protocol of low intensity transcranial focused ultrasound stimulation (TUS) that we show induces a sustained period of neuromodulation without inducing structural damage. The TUS approach in general is a relatively new one [8] [9] [10] [11] [12] and like transcranial magnetic stimulation 2 and transcranial electric stimulation 3 it can be applied in the absence of a craniotomy. In vitro recordings have identified several mechanisms by which ultrasound stimulation could affect neurons. It has been proposed that the sound pressure wave exerts a mechanical effect on neuronal activity through ion channel gating [13] [14] [15] . In the macaque, its application over the frontal eye field (FEF) affects the same aspects of oculomotor behavior that are compromised by FEF lesion, whilst leaving intact those aspects of oculomotor behavior that are unaffected by FEF lesion 16 . Recent work has highlighted the possibility that in rodents some TUS protocols can evoke a startle response when the stimulation is modulated at audible frequencies 17, 18 . Importantly, this auditory effect is limited to the stimulation period and dissipates within 75 ms to 4 s. This work has also emphasized that in more deeply anaesthetized animals, when the intrinsic neural activity of a system is suppressed, some TUS protocols might fail to evoke action potentials at the site of stimulation. This suggests TUS' actions might be primarily neuromodulatory in nature and/or that they are most prominently observable when they interact with ongoing physiological activity. However, as has been noted 19 the impact that any stimulation protocol might have, will be a function of the animal model being used and the precise details of the ultrasound frequencies, pulse shape, protocol, and ongoing brain activity. With the offline protocol and anesthesia regime we used we control for such potential artefacts and show that TUS has an effect that cannot be attributed to them.
Here we focused on the effects of TUS outlasting the stimulation period, investigating the impact of 40 s trains of TUS on measurements of neural activity provided by functional magnetic resonance imaging (fMRI) up to 2 hours after stimulation. FMRI is one of the most widely used methods for estimating neural activity. Despite limitations in its spatial and temporal resolution, fMRI remains important because it is non-invasive and can often be used to provide information about activity throughout the whole brain. Rather than providing a direct measure of neural activity, however, it provides an estimate of how activity changes in tandem with sensory, cognitive, or motor events or with activity in another brain region.
Typically, fMRI-measured activity in any given brain area is a function of activity in other brain areas especially those with which it is closely interconnected 20, 21 . Although many brain areas may share any given individual connection (for example both areas A and B may project to C), the overall pattern of connections of each area is unique 22 ; as such, the overall pattern of connections therefore constitutes a 'connectional fingerprint'. As a result it is possible to use fMRI measurements of correlations in the blood oxygen level dependent (BOLD) signal across brain regions to estimate the connectivity fingerprints of a given brain area [23] [24] [25] [26] [27] [28] [29] [30] . This implies that activity in any given brain area is a function of the activity in the areas with which it is interconnected.
We exploited this feature of activity to examine the impact of TUS application to two brain regions in the frontal cortex: supplementary motor area (SMA; experiment 1) and frontal polar cortex (FPC; experiments 2 and 3). Simulations showed we were able to selectively target these regions ( Fig. 1c,f ; see Acoustic and thermal modelling for more details). These regions have distinct anatomical and functional connections; SMA is most strongly coupled with the sensorimotor system, while the FPC interacts primarily with the prefrontal cortex and only interacts indirectly with the sensorimotor system via SMA 28, 31 . This allows us to test the spatial and connectional specificity of TUS effects. In the control state, each area's activity is normally a function of the activity in the areas that constitute its connectional fingerprint. If this pattern is altered by TUS in a manner that is dependent on the location of the stimulation, then this will constitute evidence that TUS exerts a spatially selective effect on neural activity. The same three animals participated in experiments 1 and 2, and a control experiment conducted in the absence of TUS. We also validated the results of experiment 2 in a new set of three different animals (experiment 3).
Ultrasound modulation of SMA and FPC led to focal, area-specific changes in each stimulated region's connectivity profile. In each area, a region's activity pattern after TUS application was more a function of its own activity and that of strongly connected regions, but less a function of activity in more remote and weakly interconnected areas. Independent of these specific gray matter signal changes, TUS also interacted with non-neuronal structures, as evidenced by more widespread signal changes observed in the meningeal compartment (including cerebral spinal fluid and vasculature). Finally, in experiment 4 we demonstrate that TUS application had no observable impact on cortical microstructure apparent on histological examination. In summary, TUS over dorsomedial frontal cortex causes spatially specific sharpening of the stimulated region's connectivity profile with high efficacy and reproducibility, independent of non-neuronal signal changes. (g) Whole-head simulations of the acoustic wave and thermal dynamics provided estimates of the maximum pressure amplitude (left panel) and the temperature after 40 s TUS (right panel). The data in panels g depicts a cropped plane of the whole-head simulations with the sonic coupling cone at the top and the brain at the bottom; the skull is outlined in black. Pressure and temperature are maximal in the skull, which is more absorbing than soft tissue. (i) Temperature dynamics for the maximum temperature in the skull (blue), maximum temperature in the brain (red) and at the geometrical focal point in the cortex (yellow).
Results

Experiment 1, TUS modulation of SMA connectivity
Transcranial focused ultrasound stimulation of SMA induced spatially specific changes to the connectivity profile that SMA has even at rest. At rest, in the control state, SMA's activity is coupled with activity throughout sensorimotor regions in frontal and parietal cortex, inferior parietal, prefrontal, and parts of cingulate cortex ( Fig. 2a ). Many of these regions are anatomically connected with SMA [32] [33] [34] . If we change the responsiveness of SMA neurons to such activity in interconnected regions by artificially modulating SMA activity with TUS then we should see a change in the coupling between SMA activity and activity in other regions.
Following ultrasound stimulation, SMA changed its coupling with the sensorimotor system, anterior and posterior cingulate, anterior temporal, inferior parietal, and prefrontal cortex ( Fig. 2b ). This can be seen on the whole brain functional connectivity maps for the SMA region highlighted by the dashed black circles on the left column of panels in Fig. 2 (compare panels a and b).
Fig. 2. Coupling of activity between stimulated areas and the rest of the brain in experiments 1 (SMA) and 2
(FPC). The left panels show activity coupling between SMA and the rest of the brain in control animals (a), after SMA TUS (b), and after FPC TUS (c). The right panels show activity coupling between FPC and the rest of the brain in control animals (d), after SMA TUS (e), and after FPC TUS (f). Functional connectivity from TUS-targeted regions is therefore summarized in panels (b) and (f) (i.e. SMA connectivity after SMA TUS and FPC connectivity after FPC TUS). Each type of TUS had a relatively selective effect on the stimulated area: SMA coupling was changed by SMA TUS (b) and FPC coupling was changed by FPC TUS (f). Positive correlations represented in warm colors from red to yellow, negative correlations represented in cool colors from blue to green. It is also apparent in the illustration of SMA's connectional fingerprint (Fig. 3a ). The distance of each colored line from the center of the figure (and hence its proximity to the circumference of the figure) indicates the strength of activity coupling between SMA and each of the other brain areas indicated on the circumference in the control state. Compared to the control state (blue line), after TUS over SMA (red line) SMA's positive coupling is enhanced with proximal areas in the sensorimotor system but reduced in many long-range connections after SMA TUS (non-parametric permutation test, p=0.017). The primary motor cortex (M1), superior parietal lobe (SPL), and middle cingulate cortex (MCC) in the dorsomedial sensorimotor network have been reported to be closely connected with the SMA, whereas prefrontal regions on the dorsomedial (area 9m and FPC), dorsolateral (areas 9-46d and 8A), and ventromedial (area 11m) surface, and those in the temporal lobe (anterior superior temporal gyrus, aSTG; middle superior temporal sulcus, midSTS), and parietal cortex (caudal inferior parietal lobule, IPLc; posterior parietal cortex, PCC) have been reported to be less closely connected with the SMA [32] [33] [34] . TUS increased positive coupling between the stimulated area and proximal areas normally closely connected with it while, at the same time, decreasing coupling between the stimulated area and many areas normally less closely connected with it. (a) SMA connectional fingerprint. In the control state (blue) SMA is strongly coupled to areas in the dorsomedial sensorimotor system (M1, SPL, MCC). Coupling with each of these areas is enhanced after SMA TUS (red). In contrast, coupling with regions that SMA is weakly connected with in the control state are even further reduced after SMA TUS (red). However, SMA's fingerprint is relatively unaffected after FPC TUS (yellow), but some effects are visible for regions that are strongly coupled with FPC (compare to panel b). (b) FPC connectional fingerprint is sharpened following FPC TUS, but not following SMA TUS. The latter only affected coupling with SMA itself and regions strongly connected to it (MCC). (c) TUS induced more homogenous activity within the stimulated area (SMA in red on the left, FPC in yellow on the right). (d-f) Temporal evolution of the effect of SMA TUS on the SMA connectional fingerprint. The left panels depict effects observed in the first fMRI run, followed by the second run in the middle, and the third and last run on the right. For each run, the time after TUS refers to the duration between the end of TUS and the midpoint of the run, averaged across the 3 animals. (g-h) TUS-induced effects on the connectional fingerprints of SMA and FPC could not be explained by auditory activity. (i) There were no changes in the coupling between the stimulation sites and auditory cortex. In all plots, thick lines and histograms indicate mean activity coupling; lighter colored error bands and error bars depict standard-error of the mean; asterisk denotes the interaction between TUS and connectivity seed (p < 0.001).
These specific effects of TUS were sustained over the duration of our experiment, lasting up to 2 hours ( Fig. 3d-f ). Disruptive effects of TUS on long-range coupling were especially prominent immediately following the end of TUS application (Fig. 3d ), and gradually reduced towards the end of our recording session (Fig. 3f ). The enhancing effects that TUS exerted on SMA's coupling with adjacent and strongly connected areas had a relatively delayed appearance, arising well after the TUS had ended (more than 1 hour, Fig. 3e ), but again decreasing towards the end of the recording session.
Experiment 2, TUS modulation of FPC connectivity
Like SMA, FPC's activity is coupled with that in interconnected brain regions even when animals are at rest in the control state ( Fig. 2d ). FPC's activity is positively correlated with activity in a number of adjacent dorsomedial and lateral prefrontal areas and in the central portion of the superior temporal sulcus (midSTS) and posterior cingulate cortex with which it is monosynaptically interconnected 31 . By contrast there was, at a rest, a negative relationship with the activity in sensorimotor areas with which it is indirectly connected via regions such as SMA.
In comparison to the control state FPC stimulation induced an enhancement in the normal short-range connectivity between FPC and adjacent dorsomedial (area 9m) and lateral prefrontal cortex (area 9-46d) with which it is particularly strongly connected. In addition, a similar effect was seen in more distant regions with which it is also strongly connected -the midSTS, IPLc and PCC, together comprising temporal and parietal segments of the primate 'default mode network' 31 . By contrast, there was reduced coupling with other areas in prefrontal cortex, including ventromedial (area 14m), subgenual cingulate (area 25), and lateral orbitofrontal cortex (area 47-12o). These are all areas that FPC is connected to but less strongly 31 . Finally, TUS applied to FPC also led to a change in long-range connectivity between FPC and several motor association regions with which it is not directly connected, especially those in the ventrolateral parieto-frontal sensorimotor network (areas PF and F4) 31 . As noted, in the control state, the activity in FPC and these sensorimotor association areas is negatively or anti-correlated, but this anti-correlation was reduced by FPC TUS. These results are apparent in the whole brain functional connectivity maps for the FPC region highlighted by the dashed black circles on the right panels in Fig. 2 (compare panels d and f). It is also apparent in the illustration of FPC's connectional fingerprint (Fig. 3b ). Here the blue line indicates the strength of activity coupling between FPC and each of the other brain areas indicated on the circumference in the control state. The yellow line shows that FPC's coupling with each area is changed after FPC TUS (non-parametric permutation test, p = 0.027).
Comparing experiments 1 (SMA) and 2 (FPC)
It is important to test the claim that TUS induces effects that are spatially specific to each sonicated area by directly comparing effects between stimulation sites. Although FPC TUS significantly altered FPC functional connectivity, it had comparatively little impact on SMA's pattern of functional connectivity; there was no difference in SMA's functional connectivity between the control state and after FPC TUS (non-parametric permutation test, p = 0.231; whole-brain map in Fig. 2c and yellow line in connectivity fingerprint in Fig. 3a ). Importantly, the effects of TUS over SMA on SMA's connectivity were significantly dissociable from the effects of FPC TUS (non-parametric permutation test, p = 0.041). Similarly, SMA TUS had some but comparatively little impact on FPC's pattern of functional connectivity (non-parametric permutation tests, SMA versus control, p = 0.047; SMA versus FPC, p = 0.028; whole-brain map in Fig. 2e and red line in connectivity fingerprint in Fig. 3b ). In fact, the most prominent changes in each area's connectional fingerprint that were induced by stimulation of the other area were the disruption of functional connectivity between FPC and sensorimotor areas when SMA was stimulated ( Fig. 2e, encircled ). This particular result may have occurred because, as already noted, FPC has no direct monosynaptic connections with these sensorimotor areas 31 and so its functional coupling with these areas is likely to be mediated by areas such as SMA and the areas that surround it such as the pre-supplementary motor area and the cingulate motor areas 35, 36 . In fact, these circumscribed exceptions may well confirm the rule that a region's connectivity pattern is only affected by stimulation of the region itself. Namely, SMA TUS only affects FPC coupling with SMA itself and the regions which are coupled with FPC only through SMA. In conclusion, the effects of TUS in different frontal regions were clearly dissociable.
Experiment 3, replication of TUS effects on FPC connectivity
We investigated the reproducibility of TUS effects by examining the impact of TUS to FPC in three additional individuals ( Supplementary Fig. 1 ). TUS had the same effects as seen in experiment 2: a site-specific sharpening of the stimulated region's connectional profile. While experiments 1 and 2 followed a within-subject design, for experiment 3 we conducted a between-subject analysis where the subjects in the two experiments differed in age. We are therefore careful not to draw too strong conclusions on any main effect of subject group but focus on the interaction of the TUS effect with the fingerprint shape. Notwithstanding, when reviewing the simple effects driving the well-matched interaction, we note that the observed sharpening was less prominently related to activity coupling decreases in experiment 3 than in experiment 2. As already mentioned, parameters of the general anaesthesia could impact on the effect of TUS. However, subjects used in experiment 2 and 3 did not differ regarding depth of anaesthesia or duration between sedation and fMRI data collection.
Effects of TUS on activation in the stimulated regions and on the auditory system
It has recently been suggested that certain TUS protocols might have a limited efficacy in evoking spiking activity at the stimulation site, but rather exert their influence on the brain through the auditory system, not unlike an auditory startle response 17, 18 . Although these online observations in rodents should perhaps not be extrapolated far outside the tested conditions (for example to our measurements taken tens of minutes after the stimulation ended), these observations do argue in favor of performing controlled experiments that address and exclude such confounds 19 . Here we consider, first, why neural effects of TUS might be evident in the current study when they were not clear previously. Second, we consider whether neural effects may be due to an auditory artefact.
First, it is possible that the efficacy of TUS is a function of both the specifics of the stimulation protocol and of ongoing neural activity. A neuromodulatory technique may fail to elicit spiking activity in deeply anesthetized rodents 17, 18 . However, in this study we specifically test whether it simply modulates ongoing activity, while adopting lighter anesthesia levels.
Importantly, it is known that whole-brain functional connectivity, as measured with the BOLD signal, is preserved at these levels 20, 21, 27, 28, 45, 59 . Finally, the experiments were conducted in a primate model as opposed to a rodent model; the importance of species specific effects in TUS models are currently unknown. Under these distinct conditions, we observed that TUS modulated the activity coupling of each stimulated area in a regionally specific manner.
Nevertheless, following these investigations of the effect of TUS on whole-brain connectivity patterns of the stimulated regions, we carried out a second line of investigation and examined the effect of TUS on the signal in the stimulated regions themselves (Fig. 3c ).
While BOLD fMRI cannot provide an absolute measure of neural activity, we can characterize how homogeneous the activation signal is within the stimulated region, as quantified by the coupling strength of the signal at each point in the stimulated region of interest to all other points in that region. This analysis revealed that TUS induced more homogenous activation within the stimulated area, but not in the non-stimulated region (interaction of TUS x connectivity seed:
Third, the presence of auditory and somatosensory confounds is likely to be a function of the specifics of the TUS protocol. For example, auditory stimulation could be expected when ultrasound is modulated at frequencies well within the audible range of rodents 17, 18 . This is something that we have avoided in our work with macaques. Moreover, here we adopted an offline experimental design where any potential audible stimulation associated with the TUS application was limited to the 40 s sonication period, while the neural activation measures were initiated tens of minutes later. Furthermore, the specificity of our results strengthens the suggestion that it might not be possible to explain away the current findings as the result of an auditory artefact having occurred up to two hours earlier.
Nevertheless, we also carried out a fourth line of inquiry and examined the activation in the primary auditory cortex (A1) and its relationship with activity in the rest of the brain ( Fig. 3g-i) . The effects of TUS on SMA and FPC coupling patterns, as quantified in their connectional fingerprints, could not be explained by a potential impact of TUS on A1 activity coupling. In fact, TUS did not affect A1 activity coupling with SMA fingerprint targets ( Fig. 3g 
Non-neuronal signal changes
The ability of ultrasound to reversibly interact with biological tissue is not limited to gray matter. We were aware that our ultrasonic beam, placed over the central midline to target SMA or FPC in both hemispheres simultaneously, was also likely to reach the meningeal compartment in the interhemispheric fissure. In fMRI analyses this region is sometimes referred to as 'cerebral spinal fluid', although in reality it contains the cortical membranes (dura, arachnoid, and pia mater), some cerebral spinal fluid, and important vascular structures, such as the superior sagittal sinus. While ultrasound protocols designed to induce vasodilation or to temporally open the blood-brain-barrier conventionally use higher intensities than those employed here, we set out to test the influence of ultrasound on what we shall continue to refer to as the 'meningeal' signal and the gray matter signal. To do this it was obviously necessary to take a somewhat unconventional rs-fMRI analysis approach that did not remove the meningeal signal that is typically regarded as a confound.
A principal component analysis of the signal in the meningeal and gray matter compartments revealed the main components in either compartment explained significantly more variance following TUS compared to control ( Fig. 4c ; main effect of TUS: F (1, 9) ). The fact that this effect is present in both compartments could reflect the tight vascular coupling between gray matter and meningeal signal or be driven by partialvoluming effects (these are more pronounced when the size of the brain is relatively small, as for monkey fMRI). This observation suggests that after TUS the BOLD signal became more homogenous. In a seed-based connectivity analysis, as performed here, this would be reflected in a stronger contribution of global signal coupling. However, the impact of TUS presented above do not seem to exhibit this effect, as illustrated by the specificity of the TUS effects for SMA and FPC (Figs. 2, 3) , and further underpinned by the absence of TUS effects in regions remote from the stimulation sites (for example, Fig. 4a,d illustrates the case of the posterior parietal operculum, POp). Importantly, these coupling estimates are obtained when following the conventional rs-fMRI analysis approach to account for global signal confounds by removing WM and meningeal signal contributions before estimating gray matter coupling indices.
We hypothesized that if TUS leads to more homogenous global signal, its contribution to the gray matter signal might have been accounted for when removing meningeal signal components in a linear regression framework 37 . Accordingly, we have repeated the seedbased connectivity analyses after accounting for global signal confounds based on the white matter compartment alone, excluding the meningeal compartment. In these data, global signal contributions were indeed preserved as evidenced by anatomically implausible global connectivity patterns present in the control state (compare panels a and b in Fig. 4 , e.g. the prefrontal cortex, encircled). As such, this procedure allowed us to interrogate the global effects of TUS over dorsomedial frontal regions on BOLD signal (see Supplementary Information for full details). Following this procedure, we observed that SMA stimulation appeared to induce widespread increases in signal coupling compared to the control state.
This effect was not limited to the stimulation site but also present in remote regions (e.g. when seeded in POp, compare panels b and e in Fig. 4 ). This effect can be quantified by considering the strength of local connections for every point in the cortex. It is then apparent that the changes induced by stimulation are global in nature (Fig. 4f ). In general, when not fully accounting for global confounds, a region's connectivity profile after TUS could be predicted by considering its profile in the control state and adding a spatially flat constant.
This suggests an additive non-neuronal source, captured by signal components in the meningeal compartment, may explain the presence and enhancement of global signal observed following TUS over SMA (Fig. 4e ,f, e.g. primary sensorimotor cortex) 37 . These effects of TUS on widespread coupling mediated by meningeal signal persisted over time for more than 1 hour after stimulation had ended (Fig. 4g ).
Similar effects of TUS on meningeal signal were also observed after FPC TUS ( Supplementary Fig. 2 ). We note that in unconfounded fMRI data FPC TUS did not have a strong impact outside the stimulated region (illustrated for POp in Supplementary Fig. 2 ). In contrast, in fMRI data confounded by meningeal-driven global nuisance FPC stimulation led to widespread enhanced signal coupling compared to the control state. This effect of FPC TUS was replicated in a new set of animals in experiment 3 ( Supplementary Fig. 2 ). Although the effect was perhaps not as strong as that seen after SMA TUS, this finding again suggests that TUS may produce widespread changes that are non-neuronal in origin. Differences in morphology of the sagittal sinus along the rostro-caudal axis might explain this weakened global effect. 
Experiment 4
Some higher intensity ultrasound stimulation protocols, distinct from those used here, have been shown to induce thermal lesions or hemorrhage following cavitation 38 . Despite the fact that trains of TUS induced sustained changes in the post-stimulation period in experiments 1 and 2, no structural changes remotely resembling those seen with higher intensity ultrasound protocols. First of all, no tissue alteration (e.g. tissue burn) was observed at the post-mortem examination. Neither were any signs of neuronal alteration or hemorrhage observed in histological analyses of three macaques following pre-SMA TUS (Fig. 5 ). 
Acoustic and thermal modelling
To quantify the pressure amplitude, peak intensities, spatial distribution, and potential temperature changes in the monkey brain associated with the TUS protocol used in this study we simulated the acoustic wave propagation and its thermal effect in a whole head finite element model based on a high-resolution monkey CT scan. As estimated by these numerical simulations, the maximum spatial peak pulse average intensity (Isspa) at the acoustic focus point was 30.7 W/cm 2 for the SMA target and 22.5 W/cm 2 for the FPC target (spatial peak temporal average intensities, Ispta: 10.23 W/cm 2 and 7.5 W/cm 2 for SMA and FPC, respectively). Given that the skull is more acoustically absorbing than soft tissue, the highest thermal increase is located in the skull itself, estimated by the simulation to be 2.9°C. Given an approximate 0.5 mm thickness of the dura 39 the maximum temperature below the dura was 38.0°C. The maximal thermal increase at the geometrical focus of the sonic transducer was less than 0.5 °C (Fig. 1g,i ).
Discussion
In this study we demonstrate a protocol for transcranial focused ultrasound stimulation (TUS) that can induce a sustained yet reversible change in neural activity. We focused our investigation on modulations of brain connectivity, following the notion that each brain area's unique contribution to cognition and behavior is shaped by how activity in each area is a function of a unique fingerprint of interconnected areas 22 . We found that each area's connectional fingerprint was significantly changed by TUS, but only when it was applied to that area itself (Fig. 2, 3) . The changes observed might be summarized as more uniform activation in the stimulated region combined with a sharpening of the normal coupling pattern that each area has even at rest. Activity coupling with strongly interconnected areas, which are often nearby, was increased but activity coupling with less strongly connected regions was reduced. Such changes in connectional fingerprints might constitute the mechanism by which TUS is able to induce regionally specific patterns of behavioral change when applied in awake behaving animals 16, 40 . The pattern of inputs each area receives from other areas and the influence it wields over other areas are a major determinant of its function and here we have shown that this pattern is altered by TUS. TUS may therefore provide a relatively straightforward method for sustained but reversible manipulation of specific components of neural circuits in the primate brain 41 . This may be important for investigating primate brain areas when homologues in non-primate species, such as rodents, are non-existent or disputed 42, 43 . This work paves the way for the development and use of offline TUS protocols in primates, including humans, both as a research tool and as potential clinical intervention.
In experiments 1 and 2 we found that TUS application produced different effects when applied to different brain regions: the SMA, a part of motor association cortex, and FPC a part of granular prefrontal cortex (Fig. 2, 3 ). However, in each case the TUS effects were prominent within the connectional fingerprint of the area stimulated. The connectional fingerprints of SMA and FPC are distinct 28, 44, 45 . The effects of TUS are thus regionally specific.
Our results confirm that TUS can be used as a neuromodulatory technique that allows one to non-surgically target cortical and subcortical brain areas with superior spatial specificity and depth of stimulation 46 , compared to other transcranial stimulation approaches (e.g. TMS and TES) 1-3 . While successes have been achieved with some invasive techniques, such as electrical microstimulation 5, 7 , it is not easy to use them to disrupt activity in all areas especially when they are not somatopically mapped. Recently it has been reported that some online TUS protocols in rodents induce neural changes as an indirect consequence of the auditory stimulation they entail 17, 18 . The spatially specific effects that we observed after TUS cannot, however, be attributed to any common auditory impact that occurs at the time of stimulation. Moreover, in order to avoid both the confounding effect associated with the sound of TUS and interference of the ultrasonic wave field with fMRI measurement, we opted for an 'offline' stimulation protocol. Stimulation was a 40 s train that ended at least 20 minutes before the fMRI data acquisition period. The sustained nature of the train and other features of the stimulation pulses may make the protocol used here more effective for neuromodulation, while ensuring the thermal modulation of the cortex remains limited (< 1 °C, Fig. 1 ). Such limited thermal changes are not associated neuromodulatory effects observed more than 30 min after the stimulation: the thermal rise is short-lived 11 , not accompanied by tissue damage and below the thermal effects observed with some protocols in rodents (for a review, see 47 ).
In experiment 3 we found that TUS had reproducible effects. When TUS was applied to FPC in three other individuals, it induced spatially specific effects similar to those seen in experiment 2.
The effects of the non-invasive 40 s stimulation protocol used here are sustained and lasted over much of the two-hour period we investigated. These effects are more extended than those produced by other techniques commonly used for offline disruption of cortical activity such as TMS 48, 49 . Care should therefore be taken in using the technique in human cognitive neuroscience experiments; TUS effects may continue beyond the short periods that participants typically spend within the laboratory. It may therefore be important to carefully characterize the time course of TUS effects in animal models before their use with human participants.
In addition to the spatially specific effects of TUS we also observed changes in the BOLD signal originating from the meningeal compartment that were not specific to the area stimulated. Although similar effects were seen each time either the SMA or FPC was stimulated the effect was generally more pronounced after SMA stimulation than after FPC stimulation. Our preliminary results from TUS of other brain areas suggest that these spatially non-specific effects may be even smaller when TUS is applied elsewhere 46 . While the precise origin of the non-specific effects was difficult to determine it is possible that they may result from a direct vascular effect of TUS; the sagittal sinus is directly above the midline frontal regions that we targeted and is included in the meningeal compartment during MRI analysis protocols. The presence of such non-specific effects again underlines the need for care in translating the technique to human; especially when the targeted region is near venous sinuses or cerebral arteries. In addition, they underline the need for comparing the behavioral effects of TUS not just with a non-stimulation sham condition but with TUS application to another control brain region. The absence of marked histological changes in experiment 4, however, provides one important safety benchmark and confirms previous histological results in lagomorphs 9 .
Combining TUS and fMRI is a promising approach to overcome the restrictions of each of the individual techniques. Here we have shown that TUS has a detectable offline and sustained impact on the distinctive network of connectivity associated with the stimulated brain region -the connectional fingerprint. A brain region's interactions with other regionsits unique connectional fingerprint or specific pattern of inputs and outputs -are an important determinant of its functional role. The current results are therefore consistent with TUS application exerting regionally specific effects on behavior 16, 40 . The fact that fMRI allows the effects of TUS to be studied with a high spatial resolution suggests the TUS-fMRI combination has the potential to become a powerful neuroscientific tool.
Supplementary Information
Subject details
For this study, six healthy male macaques (Macaca mulatta) were stimulated with transcranial focused ultrasound and scanned to acquire resting state functional magnetic modelling below for more details), the maximum peak pressure (Pmax) and Isspa at the acoustic focus point were estimated to be 0.99 MPa and 30.7 W/cm 2 for the SMA target, and 0.85 MPa and 22.5 W/cm 2 for the FPC target (Ispta: 10.23 W/cm 2 and 7.5 W/cm 2 for SMA and FPC, respectively). Each of the areas targeted in experiments 1-4 lie close to the midline. Therefore, we applied a single train over the midline stimulating the target region in both hemispheres simultaneously.
In order to direct TUS to the target region, we guided the stimulation using a frameless 
Acoustic and thermal modelling
The acoustic wave propagation of our focused ultrasound protocol (at 130 V peak-to-peak voltage) was simulated using a k-space pseudospectral method-based solver, k-Wave 51 to obtain estimates for the pressure amplitude, peak intensity, spatial distribution, and thermal impact at steady state. 3D maps of the skull were extracted from a monkey CT scan (Kyoto University online database, ID 1478, 0.26 mm isotropic resolution). Soft tissues were assumed to be homogeneous, with acoustic values of water (ρtissue =1000 kg/m3 and ctissue =1500 m/s).
In the bone, a linear relationship between the Hounsfield Units (HU) from the CT scan and the sound speed, as well as the density, was used. The power law model for attenuation is α "## = α % * Ф ( where the porosity Ф is defined by Ф = ) *+, -) ) *+, -) .+/01
in the skull 52 . The attenuation coefficient for the acoustic propagation α1 depends on the frequency: α1= 0 . We set the parameters to 9:; = 2200 kg/ A , 9:; = 3100 / , = 0.5, I = 8 / / P , b=1.1 47 . The attenuation coefficient in bone accounts for both absorption and scattering.
The propagation simulation was performed at 250 kHz with a 150µs-long pulse signal (enough to reach a steady state). The transducer was modelled as a spherical section (63 mm radius of curvature and 64 mm active diameter). The simulated pulses were spatially apodized (r = 0.35) on the spherical section. Ultrasound propagates first through water before entering the skull cavity with the geometrical focal point located below the surface, inside the brain.
Simulations were performed in free water, and the maximum amplitude obtained was used to rescale the results in skull (the transducer calibration indicates that the maximum amplitude in water at 130V is 1.2 MPa). The thermal modeling is based on the bio-heat equation 53 :
where T, ρ, C, κ and q are the temperature, density, specific heat, thermal conductivity and rate of heat production respectively. Heat production is defined as q = α "bc d² Yfg , α "bc being the absorption coefficient and P the peak negative pressure. κ is set to 0.528 W.m -1 .K -1 in soft tissue and 0.4 W.m -1 .K -1 in the skull; C is set to 3600 J.kg -1 .K -1 in soft tissue and 1300 J.kg -1 .K -1 in the skull 54 . In the tissue, the absorption coefficient was set to α "bc #hccij = 0.21 dB/cm/ P 55 . In the skull the longitudinal absorption coefficient is proportional to the density with α "bc o"p =α I /3 = 2.7 dB/cm/ P 56 . The last term corresponds to the perfusion process: w, P, P and : correspond to the blood perfusion rate, blood density, blood specific heat and blood ambient temperature respectively. These parameters are assumed homogeneous over the brain, although a more detailed description of the brain cooling processes can be found in the literature 57 . The perfusion parameters are based on previous reports 58 : w=0.008s -1 ; rb= 1030 kg.m -3 ; Cb = 3620 J.kg -1 .K -1 and Ta = 37°C.
The bioheat equation is solved by using a 3D finite-difference scheme in MATLAB (Mathworks, Natick, USA) with Dirichlet boundary conditions. Initial temperature conditions were 37°C in the brain, skull and tissue, and 24°C in the water coupling cone. Simulations were run over 1 minute pre-sonication, followed by 40 s of sonication, and 5 minutes post-sonication, closely following the experimental procedure.
Macaque MRI acquisition
MRI scans were collected under inhalational isoflurane gas anesthesia using a protocol which has previously proven successful in preserving whole-brain functional connectivity as measured with BOLD signal 20, 21, 27, 28, 45, 59, 60 concentration of isoflurane to ensure that macaques were anesthetized. The depth of anesthesia was assessed and monitored using physiological parameters (heart rate and blood pressure, as well as clinical checks before the scan for muscle relaxation). During the acquisition of the functional data the expired isoflurane concentration was in the range 0.6-0.8%. Isoflurane was selected for the scans as it was previously demonstrated to preserve rs-fMRI networks 20, 21, 27, 28, 45, 59, 60 . Macaques were maintained with intermittent positive pressure ventilation to ensure a constant respiration rate during the functional scan, and respiration rate, inspired and expired CO2, and inspired and expired isoflurane concentration were monitored and recorded using VitalMonitor software (Vetronic Services Ltd. T1-weighted structural MRI scans were collected in experiments 1-3. A structural scan (average over up to three T1w images acquired in the same session) was acquired for each macaque in the same session, using a T1 weighted magnetization-prepared rapid-acquisition gradient echo sequence (0.5 x 0.5 x 0.5 mm voxel resolution).
Macaque anatomical MRI preprocessing
The preprocessing and analysis of the MRI data was designed to follow the HCP Minimal http://www.rbmars.dds.nl/lab/toolbox.html). The T1w images were processed in an iterative fashion cycling through brain-extraction, RF bias-field correction, and linear and non-linear template registration to the macaca mulatta F99 atlas 62 . The initial skull stripping was performed using a multi-seeded implementation of BET 63 optimized for macaque brains, while subsequent brain extraction was based on a high-fidelity template registered to the F99 macaque space. The RF bias-field was estimated and corrected using a robust implementation of FAST 64 . Linear and non-linear registration to F99 space was achieved using FLIRT 65, 66 and FNIRT 67, 68 with configurations adjusted to reflect macaque rather than human brain characteristics. The application of a robust and macaque-optimised version of FAST also resulted in compartments estimated for grey matter, white matter, and meninges with cerebral spinal fluid. For each compartment a posterior-probability map was created by integrating a set of prior probability maps based on 112 Macaca mullata individuals 69 with the dataset-specific evidence provided by FAST. Segmentation of subcortical structures was achieved by registration to the D99 atlas 70 .
Macaque rs-fMRI preprocessing
The first 5 volumes of the functional EPI datasets were discarded to ensure a steady RF excitation state. EPI timeseries were motion corrected using MCFLIRT. Given that the animals were anesthetized and their heads were held in a steady position, any apparent image motion, if present at all, is caused by changes to the B0 field, rather than by head motion.
Accordingly, the parameter estimates from MCFLIRT can be considered to be 'B0-confound parameters' instead. Each timeseries was checked rigorously for spikes and other artefacts, both visually and using automated algorithms; where applicable slices with spikes were linearly interpolated based on temporally neighboring slices. Brain extraction, biascorrection, and registration was achieved for the functional EPI datasets in an iterative manner, similar to the preprocessing of the structural images with the only difference that the mean of each functional dataset was registered to its corresponding T1w image using rigid-body boundary-based registration (FLIRT). EPI signal noise was reduced both in the frequency and temporal domain. The functional time series were high-pass filtered with a frequency cut-off at 2000 seconds. Temporally cyclical noise, for example originating from the respiration apparatus, was removed using band-stop filters set dynamically to noise peaks in the frequency domain of the first three principal components of the timeseries.
To account for remaining global signal confounds we considered the signal timeseries in white matter (WM) and meningeal compartments. Specifically, the WM+meningeal In a separate analysis ( Fig. 4 and Supplementary Fig. 2) , to assess the contribution of the meningeal compartment signal we repeated the identical procedure as above, with the only difference that the mean and principal components were extracted from signal in the WM compartment alone, excluding the meningeal compartment.
Following this confound cleaning step, the time course was low-pass filtered with a cut-off at 10 seconds. The cleaned and filtered signal was projected from the conventional volumetric representation (2 mm voxels) to the F99 cortical surface (~1.4 mm spaced vertices), while maintaining the subcortical volumetric structures. The data were spatially smoothed using a 3 mm FWHM gaussian kernel, taking into account the folding of the cortex and the anatomical boundaries of the subcortical structures. Lastly, the data timeseries were demeaned to prepare for functional connectivity analyses.
To represent subject effects, the timeseries from the three runs were concatenated to create a single timeseries per animal per intervention (control, SMA TUS, FPC TUS). To represent group effects the run-concatenated timeseries of all animals were combined using a group-PCA approach 71 that was set to reduce the dimensionality of the data.
Macaque rs-fMRI analyses
To construct regions-of-interest (ROI) for SMA and FPC circles of 4 mm radius were drawn on the cortical surface around the point closest to the average stimulation coordinate (Fig. 1) , in both the left and the right hemisphere. The same procedure was used to define other bilateral cortical regions of interest, based on literature coordinates 20, 28, 45, 60 , to serve as seeds for connectivity analyses (POp, Fig. 4, Supplementary Fig. 2) or targets for the fingerprint analyses ( Fig. 3) . Apart from the stimulation sites and primary auditory cortex, all ROIs were selected based on their known anatomical connectivity, of relevance because they are known to be distinctively strongly or distinctively weakly connected with the stimulation sites.
Coupling between the activity of each region of interest and the rest of the brain was The strength of self-connections within SMA and FPC ROIs was estimated in the same way as the coupling of either SMA or FPC with any remote ROI was determined. Namely, for each point in the ROI the Fisher's z-transformed correlation between this point's timeseries and that of each of the other points in the ROI was calculated. Subsequently, for each point the resultant z-values were averaged, describing local coupling at that point, and averaged across the whole ROI to obtain a single estimate of self-coupling per ROI (Fig. 3c) .
To assess the contribution of the meningeal compartment signal, we quantified the effect of TUS for each point on the cortical surface in data that was not corrected for the meningeal signal (see Macaque rs-fMRI preprocessing). For each point, we calculated it's coupling with the rest of the brain, sorted all Fisher's z-values in ascending order, and extracted the z-value at the 98 th -percentile. Z-values at this level describe relatively strong coupling with the seed point and are often observed in the vicinity of the seed region or other strongly connected regions (depicted in bright yellow in Fig. 4) , ensuring that irrelevant connections are ignored. As such, this simple statistic is well-suited to capture any main effects of TUS on coupling strength, including those observed when comparing panels (b) and (e) in Fig. 4 . This statistic allows us to quantify the effect of TUS in a single value for each point on the cortical surface, and to directly contrast the values obtained in the control state with those obtained after TUS ( Fig. 4f , Supplementary Fig. 2f ,i).
We described the signal variance in the GM and meningeal compartments, or more specifically, the variance explained by the first five principal components ( Fig. 4c , Supplementary Fig. 2c ), using the same approach that was used to decompose signal in WM or WM+meningeal compartments in the EPI timeseries cleaning step, as described above. We defined the explained variance as the sum of the first five eigenvalues of the covariance matrix of the compartment signals divided by the sum of all eigenvalues.
Statistics
Randomization was used in all experiments. Data collection and analysis were not performed blind to the conditions of the experiments. No data was excluded for analysis. In the absence of relevant reports of expected effect size the sample sizes could not be predetermined statistically but were similar to those reported in previous publications detailing (interventional) macaque fMRI studies 21, 72, 73 . Statistical inference on the fingerprints was performed using one-sided non-parametric permutation tests on cosine similarity metrics describing the similarity of the shape of the fingerprints irrespective of their mean 74 . In contrast to conventional parametric tests, this approach does not rely on assumptions about the shape of the distribution but will acknowledge dependencies between target ROIs in the fingerprint; as such this approach will avoid inflation of type I error. The relatively small number of TUS sites, animals, and fMRI runs allowed us to exhaustively test all possible permutations (24309) to obtain the true probability of rejecting the null hypothesis.
All other statistical inferences were drawn in the context of generalized linear mixedeffects (GLME) models that considered the intercept and factorial design (including interactions where appropriate) as fixed effects and the intercept and slope grouped per animal as random effects with possible correlation between them (as implemented in MATLAB, Mathworks, Natick, USA). The models were assumed to adhere to a normal distribution of the data (not formally tested) and were fitted using Maximum-Pseudo-Likelihood estimation methods where the covariance of the random effects was approximated using Cholesky parameterization. Statistical significance was set at a = 0.05, two-tailed, and estimated using conventional analyses of variance (ANOVA). For all parametric tests we report the test statistic (F), probability estimate (p), effect size (Cohen's d), and the lower and upper limits of the 95 % confidence interval (CI). For all plots, the central tendency across individual animals is derived directly from the group-PCA approach 71 or described as the mean across all animals (n=3). Dispersion is described as the standard-error of the mean (SE).
Histology
In experiment 4, prior to histological examination, animals were anesthetized with sodium pentorbarbitone and perfused with 90% saline and 10% formalin. A post-mortem examination of the surface of the brain was conducted prior to the brain extraction. The brains were then removed and placed in 10% sucrose formalin. The brains were blocked in the coronal plane at the level of the lunate sulcus. Each brain was cut in 50-μm coronal sections. Every tenth section, two adjacent sections were retained for analysis whereby one was stained with Cresyl Violet (Nissl body staining) and the other with Haemotoxylin and Eosin (H&E staining). 
